Data collected over the past 15 years in Colorado show that deer mice (Peromyscus maniculatus) collected in southeastern Colorado have a significantly lower Sin Nombre virus (SNV) antibody prevalence than mice from western Colorado. Based on mitochondrial sequences, P. maniculatus was recently subdivided into 6 clades. Clade 1a occurs throughout the mountainous regions of western Colorado and clade 2 crosses the short-grass steppe in southeastern Colorado. We used mitochondrial single nucleotide polymorphisms (SNPs) from this earlier study and 14 nuclear SNPs to test the hypothesis that clade 2 mice consist of a separate subspecies. Little genetic differentiation was detected (F ST 5 0.027) among 435 deer mice collected from 8 locations in western Colorado. In contrast, 171 deer mice collected from 4 locations in eastern Colorado were genetically differentiated from one another (F ST 5 0.168) and from those captured in western Colorado (F ST 5 0.256). During this survey we identified a single locality in central Colorado where both clade 1a and 2 mice are sympatric and have a high SNV seropositivity (52.2% in 2006; 24.4% in 2009). Antibody prevalence was 21.1% among clade 2 mice, lower than the 32.4% rate among clade 1a mice, suggesting that clade 2 mice may, for both genetic and environmental reasons, have lower susceptibility to SNV infection.
The deer mouse (Peromyscus maniculatus) is the principal rodent host of Sin Nombre virus (SNV) and is chiefly responsible for SNV transmission to humans Childs and Rollin 1994) . Many human infections progress to hantavirus pulmonary syndrome, of which approximately 36% are fatal (http://www.cdc.gov/ncidod/diseases/hanta/hps/ noframes/caseinfo.htm). Most hantavirus pulmonary syndrome cases have occurred in western North America, but cases throughout the range of deer mice have been documented. Several population genetic studies have detected marked phylogeographical variation among deer mice populations and have raised the possibility that this nominal species may represent a complex of closely related species Hogan et al. 1993 Hogan et al. , 1997 Lansman et al. 1983) .
Most recently Dragoo et al. (2006) extended those earlier studies by sequencing the entire mitochondrial cytochrome-b gene (Cytb) in deer mice collected from a variety of sites within the geographic range of these rodents (Fig. 1a) . Their findings were consistent with P. maniculatus sensu lato (Musser and Carleton 2005) consisting of a complex of several highly divergent phylogeographical lineages. They considered that some of these lineages may represent distinct species. The greatest genetic divergence was detected between the western clades (polygons 1-4) and the eastern clades (polygons 5 andTo better understand the natural history of P. maniculatus and its role as an SNV reservoir, we studied population dynamics and temporal patterns of infection in sites in southeastern and western Colorado from 1995 to 2009 (Fig. 1b) . One consistent trend discovered during this 15-year period was that the deer mice collected at the Pinyon Canyon Maneuver Site (PCMS) in southeastern Colorado had an overall SNV antibody prevalence of 2.6% (Calisher et al. 2005a (Calisher et al. , 2005b , which was markedly lower than prevalences in our sites near Fort Lewis (20.2%) and Molina (9.8%) in western Colorado (Calisher et al. 1999 ). The rate also was lower than in other long-term studies conducted in southern California (9%- Bennett et al. 1999) , the southwestern United States (11%- Mills et al. 1997 ), or at 39 National Parks across the United States (7%- Mills et al. 1998) . Reasons for the low prevalence of SNV infection in deer mice in the PCMS remain unclear but likely involve a number of ecological and genetic factors.
Building on the co-occurrence and distribution of deer mice from clades 1a and 2 and the large unclassified area in Fig. 1b , we hypothesized that eastern Colorado may contain subspecies with lower susceptibility to SNV infection. In order to address this hypothesis, we developed single nucleotide polymorphism (SNP) markers to distinguish among deer mice from the 3 mitochondrial Cytb clades. However, phylogenies derived from mitochondrial genes reflect maternal lineages and may therefore be more indicative of recent rather than current patterns of gene flow (Avise 2004) . Thus, we also developed markers at 14 nuclear SNP loci from complementary DNA markers available in GenBank to examine current genetic relationships.
MATERIALS AND METHODS
Peromyscus collections.-Over the past 15 years deer mice were collected from 14 sites around Colorado (Table 1 ; Fig. 1b) . At most sites, rodents were collected by mark-recapture in webs comprising 12 radial lines with 12 Sherman live traps (H. B. Sherman Traps, Inc., Tallahassee, Florida) in each line as described previously (Calisher et al. 1999 (Calisher et al. , 2005a . In September 2006 rodents were captured for the 1st time at Nathrop, Colorado. The site consists of a degraded former pasture, now overgrown with a variety of grasses, forbs, and weeds. We set 250 Sherman live traps in grids in the field, along 2 lines of rabbit brush, and in the areas encompassing pinyon trees. We bled and tested 46 of the 91 deer mice captured; those not bled were juveniles. Bait formulation, rodent processing, and sample collection and preservation followed standard protocols (Calisher et al. 1999 (Calisher et al. , 2005a (Calisher et al. , 2005b . DNA was isolated with the DNeasy blood and tissue kit (Qiagen, Valencia, California) .
Determination of seroprevalence.-Blood samples were stored on wet or dry ice and transported to Colorado State University in Fort Collins where they were stored in a mechanical freezer (270uC). Tests for immunoglobulin G antibody to SNV antigen were done by enzyme-linked immunosorbent assays (Nichol et al. 1993) . Samples were tested at a screening dilution of 1:100 and end-point titers were determined subsequently. Because rodents infected with hantaviruses may be persistently infected ), antibody to these viruses can be used as an indicator of current infection. In addition, the nucleocapsid SNV antigen used in these tests is broadly cross-reactive among hantaviruses, such that antibody to this antigen only indicates infection with any of a number of closely related hantaviruses, not necessarily with SNV (Nichol et al. 1993) . Nonetheless, because SNV is the only hantavirus we have detected in deer mice from Colorado, we interpreted the presence of antibody to this virus in deer mice as evidence of SNV infection. Antibody prevalence was determined as the percent with antibody in the population.
Discovery of SNPs.-The mitochondrial Cytb sequence data set of Dragoo et al. (2006) was scanned for sites that were consistently associated with clades 1a and 2. Polymerase chain
Map of the distribution of Peromyscus maniculatus sensu lato from northern Canada to southern Mexico. The clades of Dragoo et al. (2006) are represented by numbered polygons and subregions. b) Sites of collections of P. maniculatus in Colorado in the present study (Table 1 ). The approximate boundaries of clades 1a and 2 and the unclassified region are indicated. reaction primers were developed for all 39 deer mice nuclear genes described by Schountz et al. (2004) using Primer Premier 5.0 software (www.premierbiosoft.com). Those 24 that amplified successfully are listed in Appendix I. Two of these yielded poor sequences and 11 others were too large to obtain full length sequences. The 11 remaining genes were amplified and sequenced in 21 P. maniculatus; 3 each from Molina A, Fort Lewis A, Steamboat, Fort Collins, PCMS (Mouth Red Rock Canyon [MRC]), PCMS (Red Rock Canyon [RRC]), and Wray using the primers in Appendix II. Two of these 11 genes were monomorphic. Sequences for the remaining 9 genes were then assembled into a single data set and analyzed with DnaSP 5.1.0 (Librado and Rozas 2009) to count the number of alternate nucleotides at each SNP site, to identify whether the SNP involved a transversion or transition, to estimate the number of nucleotide mismatches per pairwise comparison (p- Nei and Miller 1990) , and to assess whether each SNP encoded a synonymous or replacement substitution. Once an SNP locus was selected, it was assigned the name of the gene followed by a numeric label indicating its distance in nucleotides from the start of the GenBank sequence. The locations of SNPs and primers are shown in Appendix III.
Genotype identification of SNPs.-Genotypes at SNP loci were detected using allele-specific polymerase chain reaction in a single tube with 2 different allele-specific primers, each of which contained a 39 nucleotide corresponding to 1 of the 2 alleles and an opposite primer that amplified both alleles. Allele-specific primers were manufactured (Operon Inc., Huntsville, Alabama) with 59 tails (Germer and Higuchi 1999; Wang et al. 2005) designed to enable discrimination between SNP alleles on the basis of size or melting temperature (Appendix IV). An intentional mismatch was introduced 3 bases in from the 39 end of allele-specific primers that differed from the original nucleotide by a transversion but the 2 primers differed from one another by a transition (Okimoto and Dodgson 1996) . This step greatly improves the specificity of the polymerase chain reaction. The SNP polymerase chain reaction was performed in 25-ml reactions in 96-well Hard Shell plates with white wells (Bio-Rad Laboratories, Hercules, California). Each reaction contained 12.5 ml of 23IQ SYBRGreen Supermix (Bio-Rad Laboratories; final concentrations: 50 mM of KCl, 20 mM of Tris-HCl, pH 8.4, 0.2 mM of each deoxynucleoside triphosphate, 0.625 units of iTaq DNA polymerase, 3 mM of MgCl 2 , 13 SYBR Green I, and 10 nM of fluorescein), 25 pM of each primer, ,100 ng of template DNA, and sterile filtered double-distilled water to give a final volume of 25 ml. The polymerase chain reaction wells were covered with Flat Cap Strips (Bio-Rad Laboratories) and placed in the Opticon 2 DNA Engine (MJ Research, Waltham, Massacussetts). Thermal cycling conditions were 95uC for 12 min (initial denaturation); 95uC for 20 s (denaturation); 60uC for 1 min (annealing); 72uC for 30 s (extension); cycle to step 2, 39 times; 72uC for 5 min (final extension); ramp from 65uC to 95uC at a rate of 0.2uC/s (melting curve).
Statistical analysis of haplotype, allele, and genotype frequencies.-The genotypes of each mouse at the 17 SNP loci were entered into the format for the program CONVERT 1.31 (Glaubitz 2004 ). These genotype data were then converted into a table of allele frequencies and into the input formats for GDA, ARLEQUIN, and STRUCTURE. Genotypes at the nuclear loci were tested for Hardy-Weinberg proportions with chi-square goodness-of-fit tests with a Bonferroni corrected type I error rate a9 (where a9 5 1 2 (1 2 a)
(1/k) ) because k 5 157 independent tests were performed. GDA (Lewis and Zaykin 2001) Wright's F-statistics range from 0 to 1.0 and thus provide a standardized measurement of the amount of variation in haplotype frequencies among SNP loci among and within years, clades, and regions. Wright's F-statistics and the amounts of total variance explained by each F-statistic were computed using analysis of molecular variance (AMOVA) in the program ARLEQUIN version 3.01 (Excoffier et al. 1992 ). This program also estimated pairwise F ST -values and Slatkin's (1993) linearized F ST (F ST /(1 2 F ST )) among collections and computed the significance of the variance components associated with each level of genetic structure by a nonparametric permutation test with 100,000 pseudoreplicates (Excoffier et al. 1992) . Pairwise linearized F ST -values were used to construct a dendrogram among all collections by means of unweighted pair-group method with arithmetic averaging analysis (Sneath 1995) using the NEIGHBOR program in PHYLIP3.5C (Lim and Zhang 1999) . The program STRUCTURE 2.3.3 (Pritchard et al. 2000 ) was used to estimate the numbers of clusters (K) of mice on the basis of their genotypes at the 17 SNP loci using a Bayesian approach. The program accounts for the presence of Hardy-Weinberg or linkage disequilibrium by introducing population structure and attempts to find population groupings in equilibrium. The log probability of the data (X) was estimated for each value of K (conditional probability (X|K)). Pritchard et al. (2000) , however, warned that the log of conditional probability (X|K) is only an approximate indicator of the number of clusters. Instead Evanno et al. (2005) showed that the 2nd order rate of change (DK) of the log conditional probability (X|K) was a better predictor of the real number of clusters. We used the DK method to estimate K. STRUCTURE 2.3.3 was run on the Computational Biology Service Unit at Cornell University (http://cbsuapps.tc.cornell. edu/). Population identity was not used as a prior. For K 5 1-14, the burn-in period was 10,000, whereas the number of Markov chain Monte Carlo replicates after burn-in was 100,000. Each run was repeated 20 times for each value of K. STRUCTURE also quantifies the likelihood that each individual belongs to each of the K clusters and then uses this information to assign individuals to a cluster. The program DISTRUCT (www.cmb. usc.edu/,noahr/distruct.html; Rosenberg 2004) provides a graphical method for visualizing these membership likelihood coefficients. Cluster membership was represented as shades of gray, and individual mice were depicted as vertical bars partitioned into segments that correspond to membership coefficients in each collection site.
RESULTS
Allele and genotype frequencies.-Sample sizes, allele frequencies, F IS , and F ST are shown in Appendix V. The Bonferroni corrected type I error rate a9 for a 5 0.05 was 0.000327. Of the 157 tests, 25 were significant. Significant results were uniformly distributed among loci (x , and PCMS (MRC) (7 of 14). F IS was positive (indicative of homozygote excess) in 20 of the 25 significant results raising the possibility of a Wahlund's effect at these sites, probably created by oversampling of groups of siblings from individual families. Evidence for geographic clusters of related mice was noted in a previous study of gene flow among deer mice collected at 10 sites near Molina with microsatellite markers (Root et al. 2003) . In that study, 73-85% of mice could be assigned back to their original population of capture. Formal testing for a Wahlund's effect would require further analysis of these mice with microsatellite markers to assess their degree of relatedness.
Mitochondrial SNP frequencies indicate geographic structure between western and eastern Colorado with a break at Ault (Fig. 2) . The cytB38-T, 65-G, and 143-C haplotypes were associated with the P. sonoriensis clade 1a in the Dragoo et al. (2006) data set. These 3 alleles occurred at high frequencies in western Colorado eastward to Ault in the eastern plains. Clade 2 mice constituted ,40-70% of the PCMS collections. A similar pattern was seen with the cytB65-G allele except that there was evidence of clade 2 mice in Ault. The cytB143-C allele occurred at a high frequency in all collections except the PCMS 2007 collection.
A similar pattern was seen in the nuclear SNP frequencies (Fig. 3) . At every locus, the allele with the highest frequency in western Colorado is displayed. Except for the Wray collection, patterns of variation in the 14 nuclear SNP markers parallel the patterns in cytB38-T and 65-G mitochondrial haplotypes. All alleles at these loci occurred at high frequencies throughout western Colorado eastward to Ault. In Pueblo and continuing east to the PCMS, allele frequencies decline. However, mice in Wray were more genetically similar to the clade 1a mice than they were with the mitochondrial 143-C haplotype mice.
Mice fall into 3 clusters in the unweighted pair-group method with arithmetic averaging cluster analysis of linearized pairwise (Fig. 4) . Most mice are in a cluster that contains all western Colorado collections as well as mice collected in Ault, Pueblo, and in Nathrop in 2009. All PCMS collections constitute a 2nd cluster and Wray falls into a 3rd cluster.
Four sets of AMOVAs were performed to partition variance in mitochondrial haplotype and nuclear allele frequencies among and within collection sites, years, clades or region, and loci ( Table 2 ). The 1st AMOVA set (A) tested for variation among collections made in the same site (i.e., Molina A versus B, Fort Lewis A versus B, and PCMS [MRC] versus PCMS [RRC]) relative to collections from different sites. A small but significant percentage of the variance (0.8%) occurred among collections in sites. This suggests that local variation, most likely arising from genetic drift, is minimal. The 2nd set of AMOVAs (B) quantified variation among collections made in different years. These analyses had to be performed separately for clades 1a and 2 because tissue collections were not made in consecutive years (i.e., most PCMS collections were made from 1999 to 2001). In clade 1a only 2.8% of the variance occurred among collections made in different years. In clade 2 only 0.1% of the variance occurred in different years. Neither result was significant. The 3rd AMOVA set (C) quantified variation between clades 1a and 2 and the unclassified region relative to collections within the same clade or region. This combined analysis is not likely to be confounded because AMOVA sets A and B indicated minimal effects due to year of collection or multiple collection sites. A large and significant percentage of the variance (27%) occurred among clades and the unclassified region, whereas only 2.9% occurred among collections within a clade or in the unclassified region. This result agrees with the unweighted pair-group method with arithmetic averaging cluster analysis, where branch lengths within clusters were short but branches between clades or the unclassified region were long. This effect is not limited to 1 or a few loci. The among-clades or region variance was estimated for each locus. Most of the variance in SNP frequencies arose among clades or region for CCL2-241, cytB38, cytB65, Glob50, IGHM-211, and TNF356. From 10% to 20% of the variance in frequencies at IL6-75, IL6-97, LTA310, LTB117, Stat6-110, and Stat6-147 occurred among clades or region. Very little variation was found among clades or region for frequencies at cytB143, IGHM-165, LTA73, Tbeta-129, and Tbeta-398 loci. A negative variance component indicates that variation among collections within a clade was greater than the variation among clades.
The 4th set of AMOVAs (D) examined the amount of variation within clades and in the unclassified region. Among the 8 collections in clade 1a F ST was 0.027, which was significant but small relative to the variance found among the The 2nd-order rate of change (DK) from K 5 1-13 unambiguously indicated 2 clusters (analysis not shown). The DISTRUCT graphic displays membership likelihood coefficients with 2 clusters (Fig. 5) . Cluster 1 is represented in gray and contains all western Colorado collections as well as mice collected in Ault and Pueblo. Cluster 2 mice are represented in white and contain principally mice collected at PCMS. However, in all 3 PCMS collections, cluster 1 mice (vertical gray bars) also appear. Intergrades between the clusters are represented by bars that contain both gray and white. All mice collected in Wray appear to be intergrades between the 2 clusters.
At the Nathrop site in 2006, the overall antibody prevalence was 52.2% (24 of 46); the highest of any of our collection sites. This site was revisited in September 2009, in the hope that we would again recover a large number of deer mice among which we could compare allele frequencies between seropositive and seronegative individuals. We collected 127 (Fig. 1b) . The nesting of sampling sites in the ARLEQUIN structure file is indicated above the results of each AMOVA. 
DISCUSSION
We have shown that deer mice across Colorado do not belong to a single panmictic population. Instead, collections throughout the mountainous regions of western Colorado east to the foothills are genetically uniform. In contrast, collections from the plains of eastern Colorado exhibit a great deal of genetic variation and appear to be genetically distinct from western Colorado collections. These observations are congruent with the proposed designation of a ''Rocky Mountain'' clade (clade 1a) distinct from a clade 2 that occurs in eastern New Mexico, across the southeast corner of Colorado, and east into the Plains states. Mitochondrial and nuclear genetic markers patterns are highly correlated and greatly strengthen the subspecies designations proposed by Dragoo et al. (2006) , because mitochondrial genes reflect ancestral rather than current patterns of gene flow.
These patterns of variation across Colorado seem counterintuitive. It is difficult to understand how the many mountains, rivers, and deserts of western Colorado constitute minor barriers to deer mice, whereas the continuous plains of the eastern half of the state act as major gene flow barriers. Instead we propose that populations in western Colorado represent members of the previously described subspecies, P. sonoriensis, whereas clade 2 mice may consist of the previously described subspecies P. sonoriensis nebrascensis. It is unclear from our study how much gene flow occurs between clade 1a and clade 2 mice. Deer mice from Wray appeared to constitute a 3rd cluster in which the frequencies of the cytB38-T and 65-G mitochondrial haplotypes were more similar to those in clade 2 but the frequency of the mitochondrial 143-C haplotype and the nuclear SNPs were more similar to clade 1a. This may indicate a northern zone of intergradation between mice from clades 1a and 2. More intensive investigations in zones of contact such as Nathrop and along the foothills will be needed to resolve this issue. We previously demonstrated that riparian corridors may facilitate some gene flow in western Colorado (Root et al. 2003) . PCMS and Nathrop occur along the Arkansas River, which may serve as a rodent corridor that could facilitate gene flow.
One of the most fascinating aspects of this study involved the discovery that collections in Nathrop contained both clade 1a and clade 2 mice and, as importantly, that the SNV seroprevalence rate was sufficiently high to provide enough statistical power with which to address the issue of whether mice from the 2 clades acquire antibody to SNV at the same rate. The STRUCTURE analysis allowed us to classify mice as belonging to either clade 1a or clade 2 and then to determine seroprevalence rates in the 2 clades. Results were consistent with a priori expectations that the seropositive rate would be higher among P. sonorensis clade 1a in western Colorado.
It is tempting to propose that deer mice in eastern Colorado constitute a genetically distinct subspecies with lower genetic susceptibility to SNV. For example, clade 2 mice might shed less virus or shed for a shorter time period. Alternatively, clade 2 males may be less aggressive. However, conclusions based upon genetic differences await further investigation. It remains possible that the clade 2 mice in Nathrop emigrated from a site where environmental factors may have limited their exposure to SNV. In other words, we have no indication of where or how clade 2 mice were exposed to SNV. It is unlikely that they were infected in the PCMS because the 22% seroprevalence of clade 2 mice in Nathrop was much higher than any rates seen in PCMS over 15 years. Possibly the relative population density of the clade 2 mice is lower than in clade 1a, thus leading to fewer encounters or transmission events. Perhaps the sex ratio of the clade 2 mice was skewed toward less frequently infected females or toward younger mice. In Nathrop 2006, there were 22 males and 24 females captured, and their respective SNV antibody prevalences were 59.1% (13 or 22) and 54.2% (13 of 24), which were not statistically significant by Fisher's exact test (P 5 0.774). In Nathrop 2009, there were 63 males and 64 females captured, and their respective SNV antibody prevalences were 20.6% (13 of 63) and 28.1 (18 of 64), which also were not significant by Fisher's exact test (P 5 0.410). Furthermore, 74.6% of males (47 of 63) and 67.2% (43 of 64) of females belonged to clade 2 and these proportions were not statistically significant by Fisher's exact test (P 5 0.436). Thus, biases in sex ratio or differences in prevalence rates cannot explain differences in SNV antibody prevalences between clades. Because the 2 clades have maintained their genetic distinctness, there must be at least a partial barrier to gene flow that also would represent a barrier to contact and virus transmission. This might include different diurnal or seasonal activities or different microhabitat preferences. Furthermore, our antibody assay is highly cross-reactive. Viruses from clade 2 mice have not yet been molecularly characterized. Thus, the possibility cannot be ruled out that mice in the 2 clades are infected with different SNV genotypes or a closely related species. Definitive proof will require that mice from each clade be colonized in the laboratory and receive a uniform exposure by experimental infections with SNV. This is not a trivial proposal because deer mice are difficult to colonize and SNV in infected mice can only be processed under Biosafety Level 4 conditions. Clearly a comprehensive revision of the P. maniculatus species group is needed. This group is associated with numerous human pathogens and our results suggest that a clearer taxonomic understanding may be useful in predicting the regional risk of SNV transmission.
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APPENDIX I
Peromyscus maniculatus genes and associated GenBank accession numbers. Primers were initially built to amplify all 39 nuclear genes available in GenBank. Amplicons were obtained for the 24 listed. Eleven of these were excluded because they were too long to obtain full length sequences or, when sequenced, produced many overlapping peaks. Of the 11 remaining sequences, 2 were monomorphic and in IL23asp19 the allele-specific primers failed to yield products. snpS 5 single nucleotide polymorphisms. Transcription factor GATA-3 (Gata3) Too large AY455973
Transforming growth factor beta 1 (Tgfb1)
Tumor necrosis factor precursor (Tnf) + + +
APPENDIX II
Sequences of polymerase chain reaction primers used for amplification of sequences used in this study. 
